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PREFACE

Drinking Water Public Health Goals

Pesticide and Environmental Toxicology Section

Office of Environmental Health Hazard Assessment

California Environmental Protection Agency

This Public Health Goal (PHG) technical support document provides information on health effects
from contaminants in drinking water.  PHGs are developed for chemical contaminants based on the
best available toxicological data in the scientific literature.  These documents and the analyses
contained in them provide estimates of the levels of contaminants in drinking water that would pose
no significant health risk to individuals consuming the water on a daily basis over a lifetime.

The California Safe Drinking Water Act of 1996 (amended Health and Safety Code, Section 116365)
requires the Office of Environmental Health Hazard Assessment (OEHHA) to perform risk
assessments and adopt PHGs for contaminants in drinking water based exclusively on public health
considerations.  The Act requires that PHGs be set in accordance with the following criteria:

1. PHGs for acutely toxic substances shall be set at levels at which no known or anticipated
adverse effects on health will occur, with an adequate margin of safety.

2. PHGs for carcinogens or other substances which can cause chronic disease shall be based
solely on health effects without regard to cost impacts and shall be set at levels which
OEHHA has determined do not pose any significant risk to health.

3. To the extent the information is available, OEHHA shall consider possible synergistic effects
resulting from exposure to two or more contaminants.

4. OEHHA shall consider the existence of groups in the population that are more susceptible to
adverse effects of the contaminants than a normal healthy adult.

5. OEHHA shall consider the contaminant exposure and body burden levels that alter
physiological function or structure in a manner that may significantly increase the risk of
illness.

6. In cases of insufficient data to determine a level of no anticipated risk, OEHHA shall set the
PHG at a level that is protective of public health with an adequate margin of safety.

7. In cases where scientific evidence demonstrates that a safe dose-response threshold for a
contaminant exists, then the PHG should be set at that threshold.

8. The PHG may be set at zero if necessary to satisfy the requirements listed above.

9. OEHHA shall consider exposure to contaminants in media other than drinking water,
including food and air and the resulting body burden.

10. PHGs adopted by OEHHA shall be reviewed every five years and revised as necessary based
on the availability of new scientific data.

PHGs adopted by OEHHA are for use by the California Department of Health Services (DHS) in
establishing primary drinking water standards (State Maximum Contaminant Levels, or MCLs).
Whereas PHGs are to be based solely on scientific and public health considerations without regard to
economic cost considerations, drinking water standards adopted by DHS are to consider economic
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factors and technical feasibility.  Each standard adopted shall be set at a level that is as close as
feasible to the corresponding PHG, placing emphasis on the protection of public health.  PHGs
established by OEHHA are not regulatory in nature and represent only non-mandatory goals.  By
federal law, MCLs established by DHS must be at least as stringent as the federal MCL if one exists.

PHG documents are used to provide technical assistance to DHS, and they are also informative
reference materials for federal, state and local public health officials and the public.  While the PHGs
are calculated for single chemicals only, they may, if the information is available, address hazards
associated with the interactions of contaminants in mixtures.  Further, PHGs are derived for drinking
water only and are not to be utilized as target levels for the contamination of other environmental
media.

Additional information on PHGs can be obtained at the OEHHA web site at www.oehha.ca.gov.
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PUBLIC HEALTH GOAL FOR DIQUAT
IN DRINKING WATER

SUMMARY

A Public Health Goal (PHG) of 0.015 mg/L (15 ppb) is proposed for the pesticide diquat in drinking
water.  Several animal toxicity studies are relevant to defining the PHG level, including reports of
minimal lens opacities and cataracts in rats and dogs, and developmental defects in rabbits and mice.
Rats (50 CD rats/sex/dose) were administered diquat at concentrations of 0, 5, 15, 75, or 375 ppm in
the feed for 104 weeks, and 10 more of each group for an interim sacrifice at 52 weeks (Colley et al.,
1985).  The approximate lifetime doses were estimated to be 0, 0.19, 0.58, 2.91, or 14.88 mg/kg-day
for male rats, and 0, 0.24, 0.72, 3.64, or 19.44 mg/kg-day for female rats.  A few cataracts were
observed by 13 weeks at the highest doses, and in nearly all the rats fed 375 ppm diquat by 52 weeks.
At two years, lens opacities were noted in both male and female rats at 15 ppm (1/22 and 1/20), at
75 ppm (3/21 and 3/20), and 375 ppm (24/24 and 27/27).  Based on this study, an estimated no-
adverse-effect-level (NOAEL) of 0.22 mg/kg-day for minimal lens opacities in a chronic dietary
study in rats has been chosen as the critical effect.

The proposed PHG is calculated from this toxicity value using a 100-fold uncertainty factor to allow
for intraspecies differences and potential sensitive human subpopulations.  Studies of the carcinogenic
potential of diquat are considered to be negative and therefore no health-protective concentration was
calculated for diquat based on the cancer endpoint.  The proposed PHG should be low enough to
protect against all adverse effects of diquat in drinking water, including any potential effects in
infants and children.  Diquat can persist in soils, but is so tightly bound that it is not bioavailable.  It
can be applied as an aquatic herbicide to certain surface waters, but is rarely found in drinking water
supplies because of rapid uptake into sediments.

The existing U.S. Environmental Protection Agency (U.S. EPA) and California Maximum
Contaminant Level (MCL) is 0.02 mg/L (20 ppb).

INTRODUCTION

The purpose of this document is to describe the development of a proposed PHG for the herbicide
diquat in drinking water.  In California this chemical is primarily used as a desiccant on alfalfa (for
animal fodder) and as a nonselective herbicide to control broadleaf weeds for landscape maintenance,
rights of way, and plants in containers in nurseries.  Diquat is used in smaller quantities as an aquatic
herbicide, on clover used for forage, on potatoes, and on uncultivated agricultural areas (DPR,
1999a).  It is applied in aqueous solution in the form of a dibromide salt; common trade names are
Reglone, Dextrone and Aquacide.  Diquat was first registered for use in the U.S. in 1961.

Diquat is closely related to paraquat, another quaternary bipyridilium herbicide.  Their properties and
uses are similar, although about ten times more paraquat than diquat is applied annually in California.
The greatest use of paraquat is as a desiccant on cotton; it also is applied as a desiccant to alfalfa, used
to control weeds in orchards and vineyards, and used in minor quantities on many other crops.  These
compounds alter oxidation/reduction cycles and thus interfere with photosynthesis, resulting in rapid
toxicity to foliage.



DRAFT

DRAFT FOR PUBLIC COMMENT
AND SCIENTIFIC REVIEW 2 October 1999

CHEMICAL PROFILE

Chemical Identity

Diquat, 1,1’-ethylene-2,2’-dipyridylium, is a charged quaternary ammonium compound used in
commerce as the dibromide salt.  The structure of diquat dibromide and that of the closely related
herbicide paraquat are shown in Figure 1.

Figure 1.  Chemical Structures of Diquat and Paraquat.

Chemical synthesis may result in the formation of a trace of ethylene dibromide, but this has been
judged to be of no toxicological significance (U.S. EPA, 1995).  The technical grade product is
greater than 95 percent pure diquat dibromide; it is formulated in water at about 35 percent diquat
cation, which is approximately 2 pounds diquat cation/gallon.  All references to diquat amounts and
concentrations in this document refer to the diquat cation.  Because of the corrosive nature of
concentrated aqueous solutions of diquat, the formulation contains corrosion inhibitors.

Physical and Chemical Properties

The physical and chemical properties of diquat are summarized in Table 1.  The charged quaternary
ammonium structure of diquat gives it high water solubility.  The positive charges are also
responsible for binding to anionic sites on soil or sediments.  This is a different phenomenon than the
binding of many pesticides, which adsorb to lipophilic binding sites on soil organic matter.  Tight
binding to soil or to particles suspended in the air or water column serves to protect diquat from
degradation, limit its biological activity, and decrease its environmental mobility.

Production and Uses

The total usage of diquat dibromide in California in 1997 was 93,000 pounds (the most recent data),
while use of paraquat dichloride totaled 911,000 pounds (DPR, 1999a).  The Hazardous Substances
Data Bank provides no information on recent production of diquat, but indicates that all diquat was
imported in 1977 and 1982, comprising a total of 834,000 pounds (HSDB, 1998).  California use of
diquat has apparently stabilized after decreasing in recent years; total usage was 199,000 pounds in
1989, 162,000 pounds in 1990, 133,000 pounds in 1991, and 87,000 pounds in 1995 (DPR, 1994,
1995).  The Department of Pesticide Regulation’s (DPR’s) current online database lists only one
diquat product with an active registration, listed as “Diquat Herbicide, 10182-353-AA,” (Zeneca)
containing 36.4 percent diquat dibromide.

+ +NN
N N CH3CH3

+ +
+ 2Cl-+ 2 Br-

      Diquat dibromide    Paraquat dichloride
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Diquat is supplied only as a liquid formulation, and all applications are further diluted in water for
use.  It is generally sprayed directly onto foliage to kill it or to dry it out before harvest (e.g., alfalfa).
Application rates range from 0.25 to 4.0 pounds of active ingredient per acre.  Diquat may be applied
alone or in combination with other herbicides such as paraquat, amitrole, or simazine (DPR, 1994).
Diquat is approved for use on a wide variety of human food crops as well as animal fodder, and can
be used for weed control on farms, industrial sites, irrigation systems, lakes and ponds, golf courses,
and uncultivated areas.

Table 1.  Summary of Diquat Dibromide Properties.

Property Values*

Molecular weight 344.05

Color colorless to yellow crystals, reddish in solution

Physical state formulated as aqueous solution

Odor none (irritant)

Odor threshold NA

Melting point 320 oC, 335-340 oC

Boiling point decomposes

Solubility
     Water
     Organic solvents

ca. 700 g/L
slightly soluble in alcohols, insoluble in nonpolar
organics

Density 1.22-1.27 at 25 oC

Partition coefficients
     Log Kow

     Log Koc

-3.05, -4.60
0.42

Vapor pressure <1x10-5 mm Hg at 20 oC

Henry’s Law Constant <6.3x10-14 atm-m3/mol at 20-25 oC

* HSDB, 1998; Merck Index, 1996; Montgomery, 1993.

ENVIRONMENTAL OCCURRENCE AND HUMAN EXPOSURE

Air

The very low volatility of diquat limits its potential concentration in air.  In the atmosphere it will be
present almost entirely as an aerosol, mainly from spray drift.  The photolysis half-life has been
estimated as two days under these conditions, although droplet settling would normally be the
predominant removal mechanism (HSDB, 1998).  It may also be redistributed into air, bound to fine
soil or sediment particles.  This is not likely to result in any biological effects because of the tight,
virtually irreversible, binding to soil anionic sites.
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Exposure to diquat in spray drift may result in a significant hazard to workers and to aquatic and
terrestrial non-target organisms.  This has been the subject of evaluation under the Spray Drift Task
Force at the U.S. Environmental Protection Agency  (U.S. EPA, 1995).

Soil

Diquat binds tightly to soil organic matter, which makes it immobile in the environment.  In several
field degradation studies, no detectable degradation occurred after intervals as long as three years.  Its
soil half-life could not be calculated (U.S. EPA, 1995).  This may lead to accumulation of diquat in
treated soils.  Little or no diquat hydrolysis occurs at normal soil pHs.  It is also very slowly
photolyzed in soil, and is not measurably microbially degraded under either aerobic or anaerobic
conditions (DPR, 1994; U.S. EPA, 1995).  However, the duration of activity of diquat in soil tends to
be limited by irreversible soil binding.  Its tight binding to clay is considered to produce an effective
means of immobilizing and inactivating the chemical in the case of spills (HSDB, 1998).

Water

Diquat removal from surface water is primarily due to binding to suspended sediment (Shaw and
Hopke, 1975).  The rate of loss is related to water turbidity and sediment settling rate.  Under
environmental conditions the effective half-life ranges from about 2 to 10 days.  Photolysis can also
remove diquat from surface water; its photodegradation half-life in natural sunlight has been
estimated from 14 to 74 days (Montgomery, 1993; DPR, 1994).

Diquat was not detected in water from California wells in the most recent sampling, according to the
1996 and 1997 Well Inventory Reports (DPR, 1999b).

Food

Tolerances exist for diquat on a number of food products, including vegetables, meat, milk, and eggs.
Tolerances are set for diquat direct uses (application to fields for weed control or desiccation of
foliage) under 40 CFR 185.226a, and for diquat applied to water for weed control, which may result
in indirect residues in foods under 40 CFR 185.226b.  The residues in meat, eggs and milk could be
the result of both direct and indirect uses, but are listed with direct uses (as cited in U.S. EPA, 1995).

Tolerances for direct application of diquat are 0.05 ppm for meat products, 0.02 ppm for milk, and
0.1 ppm for potatoes.  Proposed tolerances are listed for alfalfa seed (3.0 ppm), grain sorghum
(2.0 ppm), and soybeans for seed (0.2 ppm).  Food tolerances for diquat residues derived indirectly
(from application of diquat to ponds, lakes, reservoirs, marshes, etc.) vary between 0.02 ppm and
20 ppm.  The values proposed under the 1995 reassessment are 0.02 ppm for cucurbits, fruits, grain
crops, nuts, and root, seed, and pod vegetables; 0.05 ppm for fruiting and leafy vegetables; 0.1 ppm
for avocado, cottonseed, grasses, hops, and sugarcane; 2.0 ppm for fish; and 20 ppm for shellfish.  In
addition, tolerances are listed under other subsections for residues which can increase during
processing, including 1.0 ppm for processed potatoes as potato flakes and 0.5 ppm for potato chips
under section 185.2500c; and 1.0 ppm for potato waste and 0.6 ppm for soybean hulls under 186.2500
(as cited in U.S. EPA, 1995).

Other Sources

No other diquat sources are identified or expected.



DRAFT

DRAFT FOR PUBLIC COMMENT
AND SCIENTIFIC REVIEW 5 October 1999

METABOLISM AND PHARMACOKINETICS

Absorption

Diquat crosses cell membranes mostly by diffusion, although some active transport may occur via
cation pumps (Charles et al., 1978; Saito, 1986).  Diffusion of chemicals across biological membranes
is facilitated by ability to dissolve in both aqueous and lipid phases.  Diquat, paraquat, and other
highly charged cationic compounds cannot dissolve in a lipid phase, and therefore do not readily
cross biological membranes (Czyzewska et al., 1984).  Tight binding of diquat to anionic sites in
various substrates (such as dermally contacted soil and some food components) also limits its
availability for systemic uptake.

Gavage administration of 5 or 10 mg/kg 14C-labelled diquat dibromide to male Wistar rats resulted in
excretion of 4 to 6 percent in urine, and 90 to 97 percent in the feces (Daniel and Gage, 1966).  In the
same study, subcutaneous administration resulted in 88 to 98 percent urinary excretion of the
radiolabel, versus about 2 percent excretion in the feces, indicating that biliary excretion is minimal.
In another study, male rats were administered 45 mg/kg diquat dibromide by gavage (Mills, 1976).
Six percent of the compound was recovered in urine in 96 hours, and 89 percent in feces.  After
subcutaneous injection, 87 percent was excreted in urine, and 5 percent in feces.  The urinary
constituent was identified as mostly unchanged diquat.

Oral administration of 7 mg/kg of 14C-diquat to a single female goat resulted in excretion of
94.2 percent of the radioactivity in the feces, 2.2 percent in the urine, and 0.018 percent in the milk in
seven days (Griggs and Davis, 1973).  Oral dosing of four lactating cows with 5 mg/kg 14C-diquat
resulted in urinary excretion of less than 5 percent of the dose, and less than 0.02 percent in milk
(Stevens and Walley, 1966).  Even less 14C-label was excreted in the urine (0.4 percent of the total)
when the 14C-diquat was absorbed onto barley straw first (Hemingway et al., 1974).

No information is available on oral absorption of diquat in humans.  Absorption is likely to be highest
from water, perhaps slightly lower from food, and insignificant from soil.  For the calculation of the
proposed PHG, human oral absorption will be estimated as 10 percent from both food and water, and
0 percent from soil (if applicable).

Absorption of diquat from the lung appears to be very efficient (Charles et al., 1978).  The high
toxicity of diquat administered as an aerosol (Bruce and Griffis, 1987) also indicates high availability.
It is appropriate to estimate 100 percent absorption by the pulmonary route for respirable-size aerosol
particles (less than 10 micron in diameter) which reach the alveolae.  Particles in the respiratory dead
space, which represents about 30 percent of total inhalation volume, are partially trapped in cilia and
transported to the gastrointestinal tract.  Absorption of this portion of the total dose is equal to oral
absorption (i.e., 5 to 10 percent).  This represents a negligible part of total exposure (<3 percent).  For
risk assessment, total exposure by the inhalation route is assumed to be 70 percent of the respirable
fraction of aerosol particles.  Exposure to diquat in the vapor phase is assumed to be negligible.

Dermal absorption of diquat appears to be very low.  The dermal LD50 of diquat in male Sherman rats
is estimated as 433 mg/kg, compared to an oral LD50 of 147 mg/kg (Gaines and Linder, 1986).
Similarly, the dermal LD50 in rabbit has been estimated as 400 mg/kg, compared to an oral LD50 of
100 mg/kg (FAO, 1971).  Thus, the oral toxicity appears to be three to four times as great as the
dermal toxicity.  This should be a rough measure of bioavailability because absorption is slow by both
routes and metabolism is minimal.  Assuming oral absorption of about 5 percent in both species,
dermal absorption would therefore probably be about 1 to 2 percent in rats and rabbits.  However,
absorption can increase with exposure to high concentration formulations because the resulting skin
irritation can increase penetration.
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Application of 14C-diquat to human forearm skin for 24 hours at a concentration of 4 µg/cm resulted
in urinary excretion of only 0.3 percent of the radioactivity in 120 hours (Feldmann and Maibach,
1974).  In another human study, Wester and Maibach (1985) measured 1.4 percent of the label in the
urine after occlusion of the application site.  Correcting for a urinary recovery of 61 percent after
intravenous administration (Feldmann and Maibach, 1974) yields an apparent dermal absorption in
humans of 1 to 2 percent (at low, non-irritating concentrations).  For the purpose of deriving a
proposed PHG, dermal absorption of diquat will be assumed to be 1 percent from water and zero from
soil or ambient air.

Distribution

Diquat is distributed throughout the body in the aqueous phase, as expected for a hydrophilic,
quaternary ionic compound.  Unlike paraquat, it does not appear to be highly concentrated in the lung
(Litchfield et al., 1973; Kurisaki and Sato, 1979).  The slow passage across membranes can result in
an apparent sequestration in various tissues as systemic levels rise and fall (Powell et al., 1983).  In
one rat study, diquat concentration was observed to be highest in spleen and next highest in kidney
after 13.5 days of feeding (Minakata et al., 1995).  Diquat as well as paraquat can accumulate into
neuromelanin-containing tissues in frogs.  This effect may not be noticeable in white rats and mice
because of the limited amounts of neuromelanin in these species (Lindquist et al., 1988).  There is
little or no hepato/biliary/intestinal cycling of metabolites, but intact diquat is excreted into bile to
some extent in humans (Ameno et al., 1994).

Metabolism

Diquat is minimally metabolized in all mammalian species tested.  The metabolism that does occur is
predominantly in the liver, apparently mediated by microsomal cytochrome P450 enzymes.  Diquat
increases the expression of several phase I and phase II enzymes in rat liver (Gallagher et al., 1995).
In rat liver homogenates, diquat can be rapidly metabolized to monopyridone and dipyridone
metabolites (Fuke et al., 1993); the lower metabolic rate in vivo may be due to slow uptake into
hepatocytes.  Humans also metabolize diquat to monopyridone and dipyridone forms (Fuke et al.,
1996).  Small amounts of a monopyridone metabolite and a 1,2,3,4-tetrahydro-1-oxopyrido
(1,2a)-5-pyrazinium salt have been found in goat milk (Griggs and Davis, 1973).

Diquat also appears to support oxidation/reduction cycling involving a free-radical mechanism which
generates superoxide and may lead to lipid peroxidation and cytotoxicity (Sandy et al., 1987; Rikans
et al., 1993; Awad et al., 1994).  This can occur in lung, liver, kidney and cornea, resulting in the
specific toxicity to these organs which is characteristic of the bipyridyl herbicides.  The more potent
effect of paraquat to increase O2 consumption in lung, compared to diquat, may be part of the reason
for the greater pulmonary toxicity of paraquat (Adam et al., 1990a,b) (although greater lung uptake of
paraquat is probably the major reason).  Formation of bipyridylium radicals by a reaction with oxygen
in hepatocytes is not affected by inhibition of cytochrome P450 by carbon monoxide or metapyrone,
suggesting an independent mechanism for this effect (DeGray et al., 1991).  However, the
mechanisms of the oxidative damage to proteins and the cytotoxicity are still unclear (Rikans and
Cai, 1993; Blakeman et al., 1998).   

Excretion

At least 90 percent of absorbed diquat is excreted in the urine.  This is mostly in the form of the intact
diquat ion, but the monopyridone and dipyridone metabolites have been identified in human urine
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(Fuke et al., 1996).  Very small amounts of diquat may be found in milk, comprising less than
0.02 percent of the administered oral dose in cows (Stevens and Walley, 1966) and a goat (Griggs and
Davis, 1973).  Fecal excretion of the unabsorbed chemical accounts for more than 90 percent of an
oral dose.  Fecal diquat is predominantly the intact chemical moiety.

TOXICOLOGY

Toxicological Effects in Animals

Acute Toxicity

Oral administration of diquat can cause hepatic necrosis and oxidative damage (Smith et al., 1985;
Smith, 1987; Tsokos-Kuhn et al., 1988; Spalding et al., 1989; Rikans et al., 1993; Awad et al., 1994;
Vulimiri et al., 1995).  A rat strain-specific component of this effect has been noted, in which Fischer
rats suffer more hepatotoxicity than Sprague-Dawley rats at diquat doses providing similar hepatic
oxidant stress (Smith et al., 1985).  Diquat also alters intestinal transport and increases intestinal
secretions (Czyzewska, 1985; Rawlings et al., 1992, 1994; Anton et al., 1998), which can cause
intestinal distension and diarrhea.  However, diquat causes minimal lung lesions, compared to
paraquat (Kurisaki and Sato, 1979; Lam et al., 1980).  Systemic administration of high doses
produces lethargy, weakness and incoordination.  Among mammals, estimated oral LD50 is least in
the cow, at 30 mg/kg; and greatest in the rat, at about 220 mg/kg (DPR, 1994).  Results in mouse,
rabbit, guinea pig and dog were intermediate, at 125, 100, 100, and 100 to 200 mg/kg, respectively
(DPR, 1994).  The oral LD50 in hens was estimated to be 200 to 400 mg/kg (Clark and Hurst, 1970).
Acute 96-hr LC50s for freshwater fish are listed as 21 ppm for rainbow trout, 14 ppm for fathead
minnow, 7.8 ppm for largemouth bass, and 2.1 ppm for walleye pike, with 48-hr LC50s of 11.2 ppm
for rainbow trout and 16 ppm for northern pike (HSDB, 1998; Montgomery, 1993).  The fish toxicity
levels are considered to represent slight to moderate toxicity (U.S. EPA, 1995).

U.S. EPA estimated the diquat dermal LD50, applied in water, to be 433 mg/kg (95 percent confidence
limits 344 to 568) in male Sherman rat (Gaines and Linder, 1986).  In rabbits, the dermal LD50 is also
listed as 400 mg/kg (as the diquat ion) by DPR (1994), as 262 to 315 mg/kg (as the dibromide), or as
140 to 169 mg/kg (as the diquat ion) by U.S. EPA (1995).  The concentrated or dilute herbicidal
preparations also caused skin and eye irritation in the animal toxicity tests.  Diquat was not a dermal
sensitizer to guinea pigs (DPR, 1994).

The inhalation LD50 was reported as 0.97 mg/L in rats by DPR (1994, citing Bruce, 1985) and
U.S. EPA (1995, citing Access #26385).  Experimental parameters (exposure duration, particle size,
effective dose) are not provided by either source.

Subchronic Toxicity

Dietary administration of diquat at 6.1 to 37.7 mg/kg to Sprague-Dawley rats for four weeks resulted
in increased liver weight without liver histopathological changes (Colley et al., 1981).  The no-
observed-effect-level (NOEL) for increased liver weight was 6.1 mg/kg-day in males and
31.4 mg/kg-day in females.  In SPF mice, gavage administration of diquat at 10 mg/kg-day and above
for 10 days resulted in severe signs, including hunched posture, dyspnea, ptosis, piloerection, and
death (Palmer et al., 1977).  Food consumption was markedly reduced, and animals suffered severe
weight loss.  At 5 mg/kg-day or less, effects on feed consumption and body weight were sporadic;
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piloerection was the only consistent sign at the 5 mg/kg-day dose, with a no-observed-adverse-effect-
level (NOAEL) of 2.5 mg/kg-day.

Repeated dermal application of diquat formulation (20.64 percent in water) to Sprague-Dawley rats
produced dose-related dermal irritation leading to progressive skin lesions at doses of 5 to
80 mg/kg-day, expressed as the cation (Auletta, 1987).  Erythema occurred at day two in rats at
20 mg/kg-day or more, but not until day eight in rats dosed at 5 mg/kg-day.  Severe toxic effects
including mortality (1/12, 5/12, 11/12) occurred at the higher doses (20, 40, or 80 mg/kg,
respectively).  The subchronic lowest-observed-adverse-effect-level (LOAEL) under these conditions
was 5 mg/kg-day, with no experimental NOAEL.  It should be noted that this is not a systemic effect,
and therefore it should not be treated as a systemic dose.

Rabbits were treated dermally with diquat dichloride (concentration not stated) at 3.1 to 25 mg/kg-day
for up to 20 days (Swan, 1963).  Dose-related skin ulcerations apparently developed at all doses
(DPR, 1994).  Mortality was 1/10, 2/10, 9/10, and 10/10 at 3.1, 6.3, 12.5, and 25 mg/kg-day,
respectively.  Post-mortem examinations found ulceration of gastric mucosa, degeneration of renal
convoluted tubules, hemorrhages in the thymus, and lung congestion.  No NOAEL for skin lesions
was noted; the LOAEL was apparently 3.1 mg/kg-day (for the local effect).

Subchronic inhalation exposures of Sprague-Dawley rats (10/sex/group, six hrs/day, five days/week
for three weeks) were conducted to aerosolized diquat at 0.1 µg/L in air.  The material applied was a
liquid formulation diluted to 5 percent diquat cation in distilled water (Bruce and Griffis, 1987).
Reticulocyte counts were significantly depressed in both males (44 percent) and females (56 percent).
Blood platelet counts were also significantly depressed (16 percent) in males.  This appears to be the
study described by U.S. EPA (1995) as MRID 40640801, in which the same exposure concentration
is called a “NOEL.”  U.S. EPA also describes a companion study (MRID 40301701) with higher
diquat concentrations (0.49, 1.1, and 3.8 µg/L) and the same exposure conditions, in which there were
treatment-related effects at all concentrations.  Effects at 0.49 µg/L included increased lung weight in
the males and lung lesions in both males and females.  In a satellite group of males and females at the
highest dose, allowed to recover for 21 days, all toxic effects except mottling and reddening of the
lungs were reversed.  Assuming the rats breathed 0.25 m3 of air/day and weighed 200 g, the effective
daily dose at the 0.1 µg/L level is 0.02 mg/kg-day.  This level will be considered the subchronic
inhalation LOAEL.

Genetic Toxicity

Diquat did not cause reverse mutation in Ames assays, with or without metabolic activation (DPR,
1994).  However, it did cause forward mutations (Bignami and Crebelli, 1979).  Diquat increased
thymidine kinase two to three-fold for a positive result in the mouse lymphoma cell plate assay with
L51784 cells (DPR, 1994; U.S. EPA, 1995).  A decrease in the mitotic index and an increase in
chromosomal aberrations was observed in human lymphocyte (in vitro) tests (Richardson et al., 1986;
Wildgoose et al., 1986).  Lethal recessive mutations were induced in Aspergillus nidulans at
10 mg/mL.  Many of the positive results were observed at relatively high concentrations (over
approximately100 µg/mL), associated with cytotoxicity.

Diquat was not clastogenic in the mouse micronucleus test at 62.5 or 100 mg/kg (McGregor, 1974),
and did not cause dominant lethal effects in mice at 0.1, 1 or 10 mg/kg for five days (Sheldon et al.,
1986).  In a rat study using in vivo diquat treatment (0, 225, 450, or 900 mg/kg by gavage) plus
evaluation of in vitro thymidine incorporation, no unscheduled DNA synthesis in hepatocytes was
observed at the two time points tested (4 and 12 hours) (Trueman, 1986).  However, some hepatocyte
toxicity was observed (U.S. EPA, 1995).  Unscheduled DNA synthesis was observed in in vitro tests
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with human fibroblasts at 1 to 1,000 µM (Ahmed et al., 1977), and with “epithelial-like human
embryo cells” over a concentration range of 20 to 2,000 µg/mL (Benigni et al., 1979).

Taken together, these studies indicate that genotoxic effects can occur with diquat, but may be limited
by cytotoxicity and maximum tolerable dose.  In addition, the poor membrane transport of diquat may
restrict its access to the genome.

Developmental and Reproductive Toxicity

In a rat multigeneration reproductive study (Hodge, 1990), diquat dibromide was fed to 30 Wistar
rats/sex/dose in the diet at concentrations of 0, 16, 80, or 400 ppm for 12 weeks (F0 generation) before
mating, and continued through weaning of their offspring (about 18 to 20 weeks, total).  For the next
generation (F1), the maximum dietary concentration was reduced to 240 ppm at nine weeks because
of adverse effects.  Cataracts, keratitis, conjunctivitis, and iridocyclitis were observed in adult male
and female rats at 240 and 400 ppm.  Cataracts were not observed in F1 pups.  At ≥ 240 ppm there
were body weight decreases, decreased food consumption, and adverse effects on the kidney in adults
of both sexes, both generations.  There was also tongue ulceration in both sexes in generation F0 and
females of F1, and hard palate ulceration in both sexes in generation F1.  Pup body weight gain was
reduced in both sexes for F1 and F2 generations at the highest dose, and for the male rats at 80 ppm
and above.  No adverse effects were noted on reproduction.  In pups sacrificed at weaning, kidney
weights of F1 pups were reduced at the highest dosage, while kidney hydronephrosis was noted at this
dose in both generations.  The parental systemic NOAEL was 80 ppm, while the pup systemic
NOAEL was 16 ppm.  Corresponding dose levels would be 4 mg/kg-day for the 80 ppm adults at the
consumption level of 0.05 mg/kg per ppm in the diet, and 1.6 mg/kg-day for the 16 ppm pups at an
estimated consumption level of 0.1 mg/kg per ppm in the diet.

In another rat study (Fletcher et al., 1972), diquat dibromide was fed to 12 Wistar male and 24 female
rats per dose at concentrations of 0, 125, or 500 ppm for three generations.  Decreased body weight
gain and cataracts were observed at 500 ppm in the parental generations.  A previous smaller study in
Wistar rats with the same doses and conditions (Griffiths et al., 1966) also showed decreased weight
gain and cataracts at 500 ppm.  From these studies, a NOAEL of 125 ppm, or 6.25 mg/kg-day was
identified using the assumed feed consumption level of 0.05 mg/kg per ppm in the diet.

Diquat dibromide (26.2 percent diquat ion) was also administered by gavage to 24 female Wistar rats
at 0, 4, 12, or 40 mg/kg-day on gestation days 7 through 16 (Wickramaratne, 1989).  Feed
consumption and weight gain were reduced by 36 and 22 percent, respectively, at 40 mg/kg-day.
These measures were also slightly reduced at 12 mg/kg-day (8 and 11 percent, respectively), resulting
in a NOAEL of 4 mg/kg.  The offspring exhibited decreased weight gain, delayed skeletal
ossification, and hemorrhagic kidneys at 40 mg/kg.  Therefore, the NOAEL identified from this study
is 12 mg/kg-day.

In a developmental study, 20 New Zealand white rabbits per dose level were administered diquat
dibromide (26.2 percent) at 0, 1, 3, or 10 mg/kg by gavage on gestation days 7 through 19.  Animals
were sacrificed on day 30 (Hodge, 1989).  At the highest dose there was a significant increase in
maternal mortality, an 80 percent decrement in body weight gain, stomach ulceration, liver
histopathological changes, and intestinal vascular leakage.  As judged by DPR (1994), there were
delays in fetal ossification (ventral tubercle of the cervical vertebrae) at all doses and a small but
significant increase in malformations at 1 and 10 mg/kg, but not at 3 mg/kg.  The DPR interpretation
of the fetal results is shown in Table 2.  The fetal abnormalities were judged by DPR to result from
delayed cell migration (DPR, 1994).  It also judged the maternal “NOEL” to be 3 mg/kg-day.



DRAFT

DRAFT FOR PUBLIC COMMENT
AND SCIENTIFIC REVIEW 10 October 1999

Table 2.  Developmental Effects of Diquat in Rabbits.

          Parameter Diquat dose (mg/kg-day)

      0       1       3      10

Implants, N    173    157    153     116

Live fetuses, N    147    134    129       96

Delayed ossification, N (%) 1 (0.7) 6* (4.5) 6* (4.6) 10* (10.4)

Malformed fetuses, N (%) 2 (1.4) 8* (6.0) 4  (3.1)  7* (7.3)

Litters with malformations      2      8     4      5

Major malformations 1 craniofacial, 1
liver

4 craniofacial, 3
cardiac, 2 crooked
joint; 1 urogenital

1 craniofacial, 1
cardiac, 2 gall
bladder

2 craniofacial, 3 gall
bladder, 1
diaphragm, 1 fused
ribs

* p < 0.05 by Fisher’s Exact Test

The same study was evaluated by U.S. EPA (1995) (identified as MRID 41198901).  U.S. EPA’s
interpretation differs considerably from that of DPR.  According to U.S. EPA, “nothing remarkable
was observed in the low-dose (1 mg/kg/day) group.”  The mid-dose group exhibited a decrease in
maternal weight gain and food consumption, significant only during the first three days of dosing.
The high-dose group showed more severe effects on both of these parameters, which were sustained
throughout the dosing period.  Developmental effects were observed only in the high-dose
(10 mg/kg-day) group.  Liver histopathological abnormalities and disrupted skeletal ossification
(ventral tubercle of the cervical vertebrae and partly ossified or unossified sixth sternebrae) were
listed, but otherwise no increases in major malformations were identified.  U.S. EPA identified the
maternal “LOEL” and “NOEL” to be 3 mg/kg-day and 1 mg/kg-day, respectively, and the
developmental LOEL and NOEL to be 10 mg/kg-day and 3 mg/kg-day, respectively.  Considering
both the evaluation of DPR and that of U.S. EPA, we concluded that the Hodge (1989) results provide
a weak indication of developmental effects at 1 mg/kg-day, which should be considered in setting
health-protective levels for diquat in drinking water.

In another developmental study in rabbits, 15 to 20 dams per group were administered diquat
dibromide by gavage at doses of 0, 1.25, 2.5, and 5 mg/kg on gestation days 1 through 28, with
sacrifice occurring on day 29 (Palmer and Pratt, 1974; identified by U.S. EPA as MRID 00061635).
The reporting of experimental details was poor in this document.  The only maternal effect noted was
a decrease in weight gain at 5 mg/kg-day.  Early resorptions appeared to be increased, but no adverse
developmental effects were reported.  The maternal NOAEL was 2.5 mg/kg-day based on the
decreased weight gain at 5 mg/kg-day, while the developmental NOAEL was 5 mg/kg-day (highest
dose tested).  Both DPR and U.S. EPA considered this to be an inadequate study because of analysis
and reporting deficiencies.

Mice were also evaluated for developmental effects.  Diquat was administered by gavage to groups of
32 to 34 female albino Alderley Park strain SPF mice at 0, 1, 2, or 4 mg/kg on gestation days 6
through 15, with sacrifice on day 17 (Palmer et al., 1978; MRID 00061637).  The dams exhibited
adverse clinical signs at the mid and high doses including piloerection, dyspnea, respiratory noise,
and hunched posture.  Decreased body weight gain occurred at the mid (-23 percent) and high
(-29 percent) doses.  There were also excess maternal deaths at these doses (3/33 and 5/34,
respectively, not associated with gavage errors, according to U.S. EPA; 4/33 and 8/34, respectively,



DRAFT

DRAFT FOR PUBLIC COMMENT
AND SCIENTIFIC REVIEW 11 October 1999

according to DPR).  DPR (1994) noted adverse developmental effects (skeletal anomalies,
exencephaly, premature opening of the eyes, and umbilical hernia) at 2 and 4 mg/kg-day.  U.S. EPA
(1995) reported decreased fetal body weight (-12 percent) and increased skeletal alterations at the
highest dose (16/23 affected litters versus 9/27 affected litters in the controls).  The maternal LOAEL
and NOAEL appear to be 2 mg/kg-day and 1 mg/kg-day, respectively, while the developmental
LOAEL and NOAEL appear to be 2 mg/kg-day and 1 mg/kg-day, respectively (associated with
maternal toxicity).

Immunotoxicity

No studies were found on immunotoxic effects of either diquat or paraquat.  Incidental observations
of adverse effects on lymphoid tissues (Hodge, 1991) or thymus (Swan, 1963) are insufficient to
support any conclusion on immunotoxic potential of diquat.

Neurotoxicity

Acute and subchronic neurotoxicity studies have been conducted in rats and evaluated by DPR (1994)
and U.S. EPA (1995) for pesticide registration.  In the acute study to assess delayed neuropathy, a
single dose of diquat dibromide was administered by gavage to 10 Alpk:APfSD rats per sex/dose at
0, 25, 75, or 150 mg/kg (Horner, 1992a; MRID 42666801).  Rats were assessed in a functional
observational battery (FOB), including motor activity, after six hours and on days 8 and 15.  Basic
clinical observations were performed daily.  No effects were observed in the FOB.  At the highest
dose, females had piloerection, diarrhea, urinary incontinence, nose and mouth staining, and abnormal
gait and posture.  One of these animals administered 150 mg/kg was sacrificed in extremis on day six.
In the females dosed at 75 mg/kg, only the diarrhea and nose staining were observed.  Little or no
effects were observed in the males.  There was no histological evidence of neurotoxicity in either sex,
and the constellation of effects is not an indication of direct neurotoxicity.  The NOAEL for clinical
signs was 25 mg/kg.

In the subchronic study, 12 Alpk:APfSD rats/sex/dose were fed 0, 20, 200, or 400 ppm diquat
dibromide (expressed as the cation) in the diet for up to 14 weeks (Horner, 1992b; MRID 42616101).
The doses were estimated as 0, 1.6, 8.0, and 32.4 mg/kg-day for males and 0, 1.9, 9.5, and
38.5 mg/kg-day for females (U.S. EPA, 1995).  FOB and motor activity were assessed; no effects
were observed.  Decreases in body weight and body weight gain, and cataracts were observed in both
males and females at the highest dose.  No histopathological effects were observed in the five
rats/sex/dose which were examined at the end of the study.  The study is considered to be negative for
neurotoxic effects.  The NOAEL for cataracts and adverse effects on body weight gain was
8.0 mg/kg-day for males and 9.5 mg/kg-day for females.

Chronic Toxicity

Diquat dibromide was fed to 50 CD rats/sex/dose at 0, 5, 15, 75, or 375 ppm for 104 weeks, and 10
more of each group for an interim sacrifice at 52 weeks (Colley et al., 1985; MRID 00145855).  The
approximate lifetime doses were estimated by U.S. EPA to be 0, 0.19, 0.58, 2.91, or 14.88 mg/kg-day
for male rats, and 0, 0.24, 0.72, 3.64, or 19.44 mg/kg-day for female rats.  A few cataracts were
observed by 13 weeks at the highest doses, and in nearly all of the rats fed 375 ppm diquat by 52
weeks.  At two years, lens opacities were noted in both male and female rats at 15 ppm (1/22 and
1/20), at 75 ppm (3/21 and 3/20), and 375 ppm (24/24 and 27/27).  Poor survival to two years for all
groups limits the statistical power at this time point.  However, lens opacities and cataracts were also
noted in a high proportion of animals that died or were sacrificed because of a moribund state
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between 52 and 104 weeks.  Both male and female rats also had decreased renal clearance and urine
concentrating ability at the two highest doses.  Tumor results are discussed in the following section.

The two-year NOAEL for cataracts was identified by DPR (1994) to be 5 ppm (or 0.22 mg/kg-day, a
combined average dose for male and female rats) and by U.S. EPA (1995) to be 15 ppm (0.58 mg/kg-
day for male and 0.72 mg/kg-day for female rats).  On the other hand, the discussion in U.S. EPA’s
Integrated Risk Information System (IRIS, last revised September 1, 1990) uses this same study for
calculation of the reference dose (RfD) while identifying a NOAEL of 0.22 mg/kg-day (average of
males and females).  The supporting IRIS discussion is somewhat confusing, ascribing the
0.22 mg/kg dose to both the 15 ppm level (called a “NOEL” at this point) and the 75 ppm dietary
concentration (called a “LEL”).  We conclude that 0.22 mg/kg-day is a NOAEL from this study
because of the clear dose-response with the three higher doses.  However, we acknowledge that lens
opacities are not significant by paired t-test at 15 ppm (corresponding to a male/female rat average
dose of 0.65 mg/kg).

In a chronic mouse feeding study, 60 CD-1 mice/sex/dose were fed 0, 30, 100, or 300 ppm diquat
dibromide for 104 weeks (Hodge, 1991; MRID 42219801).  Kidney weight relative to body weight
increased slightly but significantly, accompanied by kidney tubule dilation (1/60, 1/60, 3/60, and 6/60
at the four doses), at the two highest doses in males.  In female mice, there were increased kidney
tubule hyaline droplets at the two highest doses (3/60, 3/60, 10/60, and 11/60 for the respective
doses).  A significant increase in kidney tubule dilation was also observed at the two highest doses
(1/60, 2/60, 4/60, 8/60 for the four doses, respectively) in females.  There was a slight increase in
lymphoid proliferation in the mesenteric lymph node of the females at 100 ppm (13/59 compared to
9/60 in controls).  Eye discharges were also reported to be increased at the two highest doses (DPR,
1994; U.S. EPA, 1995).  No evidence of carcinogenicity was observed.  The 30 ppm concentration
was identified to be the NOAEL, for an effective dose of 3.56 mg/kg-day for male and 4.78 mg/kg-
day for female mice, calculated from measured feed consumption.  LOAELs were 12 mg/kg-day for
male and 16 mg/kg-day for female mice.

In an earlier mouse study, 60 CD-1 mice/sex/dose were fed 0, 30, or 100 ppm diquat dibromide for 80
weeks, with a higher-dose group added during the study (Ben-Dyke et al., 1975).  The study had
many methodological inadequacies.  Reduced growth rates and liver vacuolation were observed, with
a NOAEL of 4.5 mg/kg-day and LOAEL of 22.5 mg/kg-day.  No carcinogenic effects were observed.

Beagle dogs (four/sex/dose) were fed diquat for one year at doses of 0, 0.5, 2.5, or 12.5 mg/kg-day
(Hopkins, 1990; MRID 41730301).  Lens opacities were observed in 3/4 male and 3/4 female dogs at
the highest dose, and in one (1/4) female dog at 2.5 mg/kg-day.  Chronic intestinal inflammatory
lesions and kidney weight increases were observed in both sexes at 12.5 mg/kg-day.  There was also a
decrease in adrenal and epididymal weights in male dogs at 2.5 mg/kg-day.  The systemic NOAEL is
identified to be 0.5 mg/kg-day, and the LOAEL is 2.5 mg/kg-day.

In another Beagle dog study, three dogs/sex/dose were fed 0, 1.7, 5, or 15 mg/kg-day diquat for two
years (Hurst, 1966).  One animal of each sex was killed and necropsied at two years, and the study
was continued for another two years.  Cataracts developed in less than one year at the highest dose,
and at 15 to 17 months at the mid-dose level (incidence not specified).  No other effects are noted in
DPR’s (1994) analysis.  The “NOEL” for cataracts was identified by DPR to be 1.7 mg/kg-day, with
a “LOEL” of 5 mg/kg-day.

Carcinogenicity

Two cancer bioassays have been conducted, one in rats (Colley et al., 1985) and one in mice (Hodge,
1991).  These studies are described in detail above, under Chronic Toxicity, because the salient
effects were on non-cancer endpoints.  There were some apparently random increases in tumors at
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various doses and sites, but the only result considered to represent potential carcinogenicity was
osteosarcomas.  The incidence was 0, 1, 0, 0, and 3 osteosarcomas in the male rats at 0, 0.19, 0.58,
2.91, or 14.88 mg/kg-day, respectively.  This increase in a rare tumor type was marginally significant
by a trend test, but not significant in pairwise comparisons.  DPR (1994) and U.S. EPA (1995)
concluded that these data were not indicative of carcinogenicity.  The bioassay in mice was also
concluded to be negative.  In female mice there was a significant reduction in the number of tumor-
bearing animals.

Based on these data, U.S. EPA rates diquat as Group E, for “evidence of noncarcinogenicity for
humans” (U.S. EPA, 1995).  However, U.S. EPA’s IRIS databank contains no diquat carcinogenicity
assessment, and has listed diquat as “under review” for carcinogenicity since at least January 1992.

Toxicological Effects in Humans

Acute Toxicity

Eye, nose, throat and respiratory irritation may result from acute diquat exposures, possibly
accompanied by nausea, vomiting, and diarrhea (Reigart and Roberts, 1999).  In herbicidal uses of
diquat, exposures to spray aerosols have resulted in severe lung injury, although diquat is less
hazardous to pulmonary function than its analogue, paraquat (Wood et al., 1976; Kurisaki and Sato,
1979; Lam et al., 1980; Williams et al., 1986; Reigart and Roberts, 1999).  Poisoning by ingestion of
these herbicides is more common than by inhalation (Vanholder et al., 1981; Mortensen, 1986;
Ameno et al., 1994; Yamashita et al., 1996).  The dipyridyl herbicides have been used for many
suicides and homicides in Japan, apparently because of the high toxicity and near-certainty of death
from ingestion of the consumer products (Yoshioka et al., 1992; Terada et al., 1994; Fuke et al., 1996;
Yamashita et al., 1996).  The estimated human LD50 of diquat is 100 mg/kg, although death has
occurred from as little as an estimated 67 mg/kg (HSDB, 1998).

Severe skin injuries have resulted in humans from prolonged acute or repeated exposures to the liquid
formulation (Manoguerra, 1990; Ronnen et al., 1995).  Damage to fingernails (white bands, possible
loss) has also been observed among applicators who repeatedly splash the formulations onto their
hands (Samman and Johnston, 1969; Baran, 1974).  A single splash of the herbicidal formulations in
the eyes can result in severe ocular injury (Cant and Lewis, 1968a,b; Swan, 1968; Nirei et al., 1993).

Accidental ingestion of diquat by a 2 1/2-year old boy resulted in progressive neurologic dysfunction
followed by death 143 hours after poisoning.  Brain stem lesions were noted post mortem, resembling
those noted earlier in some adult diquat poisoning cases (Powell et al., 1983).  Neurological,
digestive, hepatic, hematological and renal dysfunction may all be observed (Vanholder et al., 1981;
McCarthy and Speth, 1983; Mahieu, 1984; Valiante et al., 1992).  There also has been some concern
that the dipyridyl herbicides might cause a Parkinson-like syndrome because of the similarity of these
compounds to MPTP, a chemical responsible for some cases of drug-induced Parkinsonism (Borm
and Van Vliet, 1986; Zilker et al., 1988; Lermontiva et al., 1989; Sechi et al., 1992).  The observed
neurological effects and brain stem lesions caused by diquat, and a recent report of a paraquat-
induced loss of dopaminergic neurons in a mouse model (Brooks et al., 1999) suggest that
Parkinson-like effects are indeed possible.  Effects on brain dopamine neurons probably require a
high dose, although it is possible that diquat may disrupt blood-brain-barrier function under some
conditions, thus enhancing diquat uptake into brain.

Gastric lavage and charcoal hemoperfusion can help remove diquat, but may not be successful at
alleviating the progressive tissue damage (Hoffman et al., 1983; McCarthy and Speth, 1983).



DRAFT

DRAFT FOR PUBLIC COMMENT
AND SCIENTIFIC REVIEW 14 October 1999

Paraquat appears to be even more difficult to treat after the toxicity ensues (Powell et al., 1983;
Wojeck et al., 1983).

Subchronic Toxicity

Repeated dermal exposures to diquat or paraquat have been reported to cause discoloration of
fingernails (Samman and Johnston, 1969; Hearn and Keir 1971; Baran, 1974).  Other effects may
include ocular, oral, nasal, and respiratory irritation.  Development of cataracts is a primary concern,
based on the animal data, although there are no epidemiological reports of cataracts due to repeated
occupational or environmental exposures in humans.

Genetic Toxicity

There is no indication of genetic toxicity to humans of diquat or other dipyridyl herbicides.

Developmental and Reproductive Toxicity

No information is available on developmental or reproductive toxicity of diquat in humans.

Immunotoxicity

No reports were found on immunotoxic effects of diquat in humans.

Neurotoxicity

Severe neurotoxic effects of diquat are observed after high doses of diquat (Powell et al., 1983;
McCarthy and Speth, 1983), in contrast to paraquat (Reigart and Roberts, 1999).  Neuropathy should
be considered in evaluating the effects of occupational exposures.  There has been one report of
Parkinson-like symptoms after acute diquat exposures (Sechi et al., 1992).  The potential for uptake
of diquat and other charged pyridyl compounds into dopamine neurons, which might produce
oxidative damage (Schapira, 1995) and result in Parkinsonian symptoms, remains under investigation
(Brooks et al., 1999).  Several epidemiologic studies have suggested a possible association of
Parkinsonism with herbicides or pesticides (Semchuck et al., 1992; Hubbel et al., 1993; Liou et al.,
1997; Gorell et al., 1998; Checkoway and Nelson, 1999).  However, there is inadequate evidence at
this time to support the hypothesis of a causative relationship between exposure to the dipyridyls and
Parkinsonism or any other neurotoxic effects in humans.

Chronic Toxicity

No reports of toxic human effects associated with chronic exposures to diquat were found.

Carcinogenicity

There is no information to suggest a relationship between diquat and human cancers.  Studies in
animals are considered to be negative for carcinogenicity.
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DOSE-RESPONSE ASSESSMENT

Noncarcinogenic Effects

The critical effects for calculation of a proposed PHG are lens opacities and cataracts in rats (Colley
et al., 1985) and dogs (Hopkins, 1990) in dietary exposure studies, and developmental abnormalities
observed in a rabbit gavage exposure (Hodge, 1989).  Maternal and developmental effects in mice
after gavage exposures represent a supporting sensitive endpoint (Horner, 1992a).  There were no
available chronic studies of diquat supplied in the drinking water.

In the chronic rat study of Colley et al. (1985), incidence of lens opacities in response to dietary
diquat was very low at the lower doses, but showed a good dose-response relationship.  The LOAEL
after 2 years’ exposure was estimated to be 15 ppm for lenticular opacities in both male and female
rats, with a NOAEL of 5 ppm.  This represents doses (average of male and female rats) of 0.65
mg/kg-day and 0.22 mg/kg-day for the LOAEL and NOAEL, respectively.  We conclude that these
values are an appropriate basis for risk assessment of exposure to diquat in drinking water.

The Hopkins (1990) report of cataracts and other adverse effects in dogs after one-year exposures to
diquat in food should also be considered in developing a PHG for diquat.  In this study, the LOAEL
for lens opacities and decreased adrenal and epididymal weights in male dogs was 2.5 mg/kg-day,
with an experimental NOAEL of 0.5 mg/kg-day.

The developmental effects in rabbits (Hodge, 1989) were delayed ossification and various
malformations possibly associated with a common mechanism, interference with cell migration
(DPR, 1994).  In these effects, the number of affected fetuses was small, without a clear dose-
response between 1 mg/kg and 10 mg/kg (see Table 2).  The appropriate uncertainty factor to use for
estimation of a NOAEL from these data is somewhat equivocal, considering that the fetal LOAEL has
been identified to be 1 mg/kg-day by one set of reviewers (DPR, 1994) and 10 mg/kg-day by another
(U.S. EPA, 1995).  In the same study, the maternal NOAEL was identified to be 3 mg/kg-day by DPR
(1994) and 1 mg/kg-day by U.S. EPA (1995).  DPR has chosen an uncertainty factor of three from the
fetal LOAEL of 1 mg/kg, “[b]ecause the magnitude (incidence) of the effect was small, and the slope
of the dose-response was fairly shallow.”  This use of an uncertainty factor of three and the rationale
are consistent with earlier risk assessment recommendations (Dourson and Stara, 1985; U.S. EPA,
1987).  This results in an estimated NOAEL of 0.33 mg/kg-day.  The gavage mode of administration
used in this study would be expected to result in higher peak blood levels and toxic effects than in
exposures to diquat in drinking water or diet.

A fourth study that resulted in low-dose toxicity estimates was the Palmer et al. (1978) developmental
study of diquat administered by gavage to mice.  In this study, adverse maternal and fetal effects were
observed at 2 and 4 mg/kg-day.  The observed NOEL was 1 mg/kg-day for both dams and fetuses.
Again, gavage administration should result in higher peak levels of diquat than would be expected
from diquat in drinking water.

Taken together, these four studies indicate that the chronic NOAEL should be considered to be less
than 1 mg/kg-day.  The proposed diquat PHG will be calculated based on the rat NOAEL of 0.22
mg/kg-day for eye opacities (Colley et al., 1985), which is slightly lower than the corresponding dog
NOAEL of 0.5 mg/kg-day for eye opacities.  According to our guidelines, where the studies are of
comparable quality, results from the more sensitive species should be chosen.  The use of a NOAEL
of 0.22 mg/kg-day for risk assessment should also protect against developmental effects, for which
there was an estimated and comparable NOAEL of 0.33 mg/kg-day in rabbits (DPR, 1994, based on
Hodge, 1989).
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For the calculation of the proposed PHG, the standard uncertainty factors of 10 for interspecies
extrapolation and 10 for potential sensitive subpopulations should be adequate to protect humans
against adverse effects.  This risk analysis explicitly considers the potential for developmental effects.
Therefore no additional safety or uncertainty factor is necessary to ensure protection of infants and
children.

Because the diquat toxicity estimate is to be used for exposure to diquat in drinking water, no
additional consideration of the low absorbed dose by the gastric route is necessary.  However, to the
extent that additional exposure by other routes is possible, combined exposure estimates should
consider route-specific absorption fractions.  We recommend 10 percent for oral exposure to diquat in
food or water, 1 percent for dermal exposure to diquat in water, 0 percent for oral or dermal exposure
to diquat bound to soil, and 70 percent for inhalation exposure to respirable-size particles in aqueous
aerosols of diquat.

CALCULATION OF PHG

Noncarcinogenic Effects

Calculation of a public health-protective concentration (C, in mg/L) for the herbicide diquat in
drinking water for noncarcinogenic endpoints follows the general equation:

C = NOAEL/LOAEL x BW x RSC
UF x W

where,

NOAEL/LOAEL = no-observed-adverse-effect-level or lowest-observed-adverse-effect-level,

BW = body weight (a default of 70 kg for an adult male, 60 kg for an adult female,
or 10 kg for a child),

RSC = relative source contribution (defaults of 0.2, 0.4, and 0.8 to account for
20, 40, or 80 percent of the total exposure expected or allowed to be derived
from drinking water),

UF = uncertainty factors (typical defaults of 10 to account for inter-species
extrapolation and 10 for potentially sensitive human subpopulations; other
factors may be incorporated for extrapolation from a subchronic study or to
account for severity of effect),

W = daily water consumption rate (typically 2 L/day for a 60 to 70 kg adult and 1
L/day for a 10 kg child, where applicable).

In this case, the RSC is set at 0.2 to allow for exposure to diquat residues in food and the potential for
extra exposure to diquat in aerosol droplets during showering.  Consideration of aerosol exposures
acknowledges that diquat is much more toxic by inhalation than by oral administration, because of
more complete systemic absorption after inhalation.  Body weight is assumed to be 70 kg and water
consumption 2 L/day as the standard defaults for lifetime exposures of the whole population.  The
uncertainty factor is set at 100 to include 10 for intraspecies extrapolation and 10 for potential
sensitive populations.

Therefore,
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0.22 mg/kg-day x 70 kg x 0.2
C =                                                   =    0.015 mg/L    =    15 ppb

100 x 2 L/day

Based on this calculation and the NOAEL of 0.22 mg/kg-day for minimal lens opacities and cataracts
in chronic dietary exposures of rats to diquat dibromide, a PHG of 0.015 mg/L (15 ppb) is proposed
for diquat in drinking water.  Reported cataracts in dogs and developmental effects in rabbits and
mice at slightly higher exposure levels support the selection of the NOAEL for ocular effects in rats.

RISK CHARACTERIZATION

There are significant differences of scientific opinion among reviewers in interpretation of the critical
animal studies.  We have accepted the more health-protective interpretations of the rat data on lens
opacities to estimate a NOAEL of 0.22 mg/kg-day from the data on cataracts in rats after two-year
dietary exposures (Colley et al., 1985) on which to base the proposed PHG.  Our evaluation of the
reports on developmental effects of diquat concluded that this effect has been adequately
characterized by both DPR and U.S. EPA as having a greater NOAEL than that estimated above for
the lens opacities.  In addition, the gavage administration in the developmental study is likely to cause
greater peak levels and greater acute toxic effects than administration of diquat in the diet or in
drinking water.  The dietary studies are therefore judged to be more relevant for calculation of the
PHG.

Inhalation exposures are considerably more toxic than are oral or dermal exposures.  This is largely
because of greater bioavailability for diquat by inhalation, rather than a selective lung effect as for
paraquat.  The subchronic inhalation LOAEL for diquat is estimated to be 0.02 mg/kg-day, based on a
rat study on daily exposures to diquat aerosol droplets by Bruce and Griffis (1987).  Some exposure
to aerosolized diquat may occur in showering, but no quantitative exposure assessment is attempted
here; consideration of potential exposure by this route helps justify the RSC of 0.2 for drinking water.
The low volatility and high water solubility of diquat should result in minimal exposure to diquat in
the vapor phase.  Dermal uptake of diquat should be comparatively insignificant from all sources.

Little or no information exists on potential long-term effects of diquat in humans.  However, because
diquat is not routinely found in drinking water in California (DPR, 1999), this does not represent a
critical data limitation.  OEHHA believes that the proposed PHG of 0.015 mg/L (15 ppb) is adequate
and appropriate to protect humans against adverse effects of diquat in drinking water.

OTHER REGULATORY STANDARDS

U.S. EPA’s Maximum Contaminant Level (MCL) and Maximum Contaminant Level Goal (MCLG)
for diquat are both 0.02 mg/L (20 ppb) (U.S. EPA, 1990; IRIS, 1999).  The California MCL is also
0.02 mg/L (CCR Title 22, Sec. 64444(b)).  According to IRIS, U.S. EPA’s RfD for diquat is
0.0022 mg/kg-day, based on “minimal lens opacity and cataracts” in a study identified as “Chevron
Chemical, 1985.”  This is the rat dietary study identified in this document as Colley et al. (1985).
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